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Abstract 



o 

o , 

■ The process of Compton scattering je^ — > je^ in strongly magnetized hot electron- 



positron plasma is considered. The analytical expressions for the partial cross sections in 



o 

' rarefied plasma are obtained. The numerical estimations of the absorption rates for various 

(N ■ 

scattering channels are presented with taking into account of the photon dispersion and 
^ . wave function renormalization in strong magnetic field and plasma. The comparison of 

(N . 

I the scattering absorption rate with photon splitting probability shows the existence of the 

' temperature range where these values are comparable with each other. The astrophysical 

■ applications of the obtaining results are discussed. 

iu 



1 Introduction 



Recent observations [1-4] give ground to believe that some astrophysical objects (SGR and 
AXP) are magnetars, a distinct class of isolated neutron stars with magnetic field strength of 
B ~ 10^^-10^^ G [5-7], i.e. B :^ B^, where Be = m^/e ~ 4.41 x lO^^ G ^ is the critical magnetic 
^ I field. The spectra analysis of these objects is also providing evidence for the presence of electron- 
' positron plasma in magnetar environment. It is well-known that strong magnetic field and/or 
plasma could influence essentially on different quantum processes [8-11]. Therefore the effect of 
magnetized plasma on microscopic physics should be incorporated in the magnetosphere models 
of strongly magnetized neutron stars. 

The various studies indicate that electromagnetic processes such as Compton scattering and 
photon splitting 7 — > 77 (merging 77 — > 7) could play a crucial role in these models. For 
example, the process of photon splitting in strong magnetic field could suppress the production 
of electron-positron pair required for a detectable radio emission from magnetar [12, 13]. In 
turn, Compton scattering may play an important role in the models of atmosphere emission 
from strongly magnetized neutron stars [14,15]. The both processes are very important in the 
models the radiation emission from SGR burst [6, 16, 17]. 

Previously, Compton scattering was studied under various conditions. The case of the mag- 
netic field without plasma was investigated in [18-21]. It was found that Compton scattering 
becomes strongly anisotropic and essentially depends on photon polarization. In [15] it was 

^We use natural units c = h = k — l,m is the electron mass, e > is the elementary charge. 



shown that the dispersion properties of photon in strongly magnetized cold plasma could sig- 
nificantly influence on the process under consideration. 

In the present work the process of photon scattering, ^e^ — 76=*=, is investigated in the 
presence of strong magnetic field and charge-symmetric electron positron plasma, when the 
magnetic field strength B is the maximal physical parameter, namely ^feB 3> T, uj, E. Here 
T is the plasma temperature, co and E is the initial photon and electron energies. In this case 
almost all electrons and positrons in plasma are on the ground Landau level. We also consider 
the none resonance case, when electron and photon momenta satisfy the condition eB ^ (pk). 
Such conditions could be realized e.g. in the Thompson & Duncan model of SGR burst [6] in 
which magnetically trapped high temperature (~ 1 MeV) plasma fireball could be created. 

The main purposes of our work are: 

• to investigate the influence of the strongly magnetized hot plasma on the process of Comp- 
ton scattering taking account of photon dispersion and wave function renormalization; 

• to compare the Compton scattering with the process of photon splitting; 

• to estimate the possible effect of the process under consideration on spectral formation of 



The plan of the paper is following. In the section 2 we consider the propagation of the 
electromagnetic radiation in magnetized medium and give the expression of Compton scattering 
amplitudes for different polarization configurations of the initial and final photons. The analytic 

and numerical calculations of the photon absorption rate and cross section of the process are 
presented in Section 3. The discussion of the possible astrophysical application of Compton 
scattering arc given in Section 4. 

2 Photon propagation in strongly magnetized hot plasma 

The propagation of the electromagnetic radiation in any active medium is convenient to 
describe in terms of normal modes (eigenmodes). In turn, the polarization and dispersion 
properties of normal modes are connected with eigenvectors and eigenvalues of polarization 
operator correspondingly. In the case of strongly magnetized charge-symmetric plasma the 
eigenvalues of the polarization operator can be obtained from the results of [22]: 
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Figure 1: Photon dispersion laws in strong magnetic field B/B^ = 200 and neutral plasma vs. 
temperature: T = 1 MeV (is upper curve), T = 0.5 MeV (is middle curve), T = 0.25 MeV 
(is lower curve). Photon dispersion without plasma is depicted by dashed line. Dotted line 
corresponds to the vacuum dispersion law, = 0. The angle between the photon momentum 
and the magnetic field direction is 7r/2. 



The four- vectors with indices _L and || belong to the Euclidean {1, 2}-subspace and the 
Minkowski {0, 3}-subspace correspondingly in the frame were the magnetic field is directed 
along third axis; ipa/3 = F^p/B and (pap = ^£af3iiiy^fii/ are the dimensionless field tensor and 
dual field tensor correspondingly. The tensors Aaf3 = {v^)a/3, Aa/3 = i'P'p)ai3, with equation 
Aa/3 — = dap = diag{l, —1, —1, —1) are introduced. 

The dispersion properties of the normal modes are defined from the dispersion equations 

q'-r^'\q)=0 (A= 1,2,3). (4) 
Their analysis shows that the modes with A = 1,2 and with polarization vectors 

.<■)(,) =<^, = (5) 



are only physical in the case under consideration, just as in the pure magnetic field ^. How- 
ever, it should be emphasized that the coincidence of the polarization vectors in the plasma is 
approximate, to within 0(l//3). 

Notice, that in plasma only the eigenvalue 7-"^^^ (q) modifies in comparison with pure magnetic 
field case. It means that the dispersion law of the mode 1 is the same one as in the magnetized 
vacuum, where its deviation from the vacuum law, = 0, is negligibly small. From the other 
hand, the dispersion properties of the mode 2 essentially differs from the magnetized vacuum 
ones. In the Figure ^ the photon dispersion in both strong magnetic field and magnetized 
plasma at various temperatures are depicted. One can see that in the presence of the magnetized 
plasma there exist the kinematical region, where q^ > contrary to the case of pure magnetic 
field. This fact could lead to the alteration of the different photon processes kinematic. For 
example, the photon splitting channel 72 — > 7171 forbidden in the magnetic field without plasma 
becomes allowed [24]. Another important distinction is an essentially different dependence of 
the dispersion law in variables and on the angle between the photon momentum and the 
magnetic field direction (see Fig. I^J . 

^Symbols 1 and 2 correspond to the || and _L polarizations in pure magnetic field [23] and E- and O- modes 
in magnetized plasma [6]. 
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Figure 2: Photon dispersion in a strong magnetic field {B/Be = 200) and a charge-symmetric 
plasma (T = 1 MeV) at various angles between the photon momentum and the magnetic field 
direction: 9 = tx 12 (upper solid curve), 7r/6 (middle solid curve), and 7r/12 (lower solid curve). 
The dashed curve represents the dispersion in the absence of a plasma. 



It follows from Eq. ((2)) that the eigenvalue of the polarization operator V'^^ becomes large 
near the electron- positron pair production threshold, = 4m^. This suggests that the renor- 
malization of the wave function for a photon of this polarization should be taken into account: 
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To calculate the amplitude of process in strong magnetic field one should use the Dirac 
equation solutions at the ground Landau level. For the electron propagator it is relevant to use 
its asymptotic form [10] . Then substituting the polarization vectors © one can obtain partial 
amplitudes for different polarization configuration of the initial and final photons. It is possible 
to present them in the covariant form: 
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where x = yl — 4,m? /Q"^^ and Q\ = {q — q')\ < 0. We can see from last equations that all 
amplitudes except are suppressed by magnetic field strength. Therefore one could expect 

that mode 2 has the largest scattering absorption rate. 
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3 Photon absorption rate and cross section in the strongly mag- 
netized medium 



To analyse the efficiency of the process under consideration and to compare it with other 
competitive reactions we calculate the photon absorption rate which can be defined in the 
following way: 



eB 
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where /(^/ = [exp (u' /T) — 1] is the photon distribution function. In the case of the rarefied 
plasma (T <C m) these absorption rates can be expressed in term of partial cross sections ^ 
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where ax is the Thompson cross section, ^ = is the parameter characterizing magnetic 



field influence, 



to 



V^'^\uj'^) and the number of electron (positron) density in a strongly 



magnetized, charge-symmetric rarefied plasma can be estimated as 



Up ~ eB 



mT 

2^' 



-m/T 



(16) 



In the low energy limit (a; <^ m) the formulas (|12lll5j) can be presented in the following form: 
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where oOpi is plasma frequency defined by equation uo"^^ — V^'^\cOpi, k ^ 0) = 0. One can see that 
the presence of magnetized plasma slightly influences on the process cross-sections in this limit. 
Moreover, the corrections connected with photon dispersion and wave function renormalization 



^Hereafter the initial photon propagation across magnetic field is considered 
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Figure 3: The dependence of the photon absorption rate for channels 726^ — > 726^ (sohd 
hne) and 726^ 71 (dashed Une) on energy of initial photon in strong magnetic field 
BjBe. = 200 at T = \MeV - a, T = 250keV - 6 and T = 50keV - c. The dotted line 
corresponds to the probability of photon splitting, 72 7i7i, at T = IMeV [24]. Here 
Wo = (a/7r)3m ~ 3.25 • lO^cm'^ 



are significant only for ^ ~ 1, i.e. when magnetic field is rather strong B ~ lO^B^. In the 
case ^ <C 1 which is relevant for the models of magnetar magnetosphere emission the formulas 
(|171 118|) coincide with the well-known result [18]. It is interesting also to consider the case of 
Lu ~ 2m. In this region the magnetized vacuum influence is large and the cross-sections (|12II15|) 
have the form: 
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To investigate the Compton scattering under hot plasma conditions (T ~ m) we have made 
the numerical calculations of photon absorption rates for the various channels. The results are 
represented in Figures El and 0] 



4 Discussion 

In the models of soft gamma repeaters spectrum formation the dependence of photon ab- 
sorption rates on energy and temperature plays an important role. It could influence on the 
shape of emergent spectrum and defines the temperature profile in the emission region during 
bursts in SGRs [6,25]. In the both figures 01 and |3 one can see that photon absorption rates 
corresponding to Compton scattering are the fast increasing functions of temperature. At the 
same time, the channels with initial photon of mode 1 and mode 2 have different character 
of the absorption coefficient energy dependence. As shown in the Figj^l the absorption rates 
for the reactions 726^ 726^ and 726^ — > 716^ have thresholds. They are caused by mode 
2 dispersion relation with plasma frequency and indicated the fact that the electromagnetic 
wave corresponding to mode 2 can't propagate with energy below ujpi. In the region above 
plasma frequency W^yjei^^je* is slightly depends on energy while W^^f,±^^^g± tends to zero 
in the vicinity of ujpi and pair creation threshold, uj = 2m. We would like to note that in the 
vicinity of pair creation threshold taking account of wave function renormalization and photon 
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Figure 4: The dependence of the photon absorption rate for channels 71 7ie^ (soHd Hne) 
and 71 — > 726^ (dashed Une) on energy of initial photon in strong magnetic field B / Bf> = 200 
at r = IMeV ~ a, T = 250keV ~ h and T = f>QkeV - c. The dotted and chain lines 
correspond to the probability of photon splitting, 71 — > 7172 and 71 7272, respectively, at 
T = bQkeV [24]. Here Wq = {a/-Kfm^ 3.25 • lO^cm^^ 

dispersion becomes very important and defines the processes rates dependence on energy, tem- 
perature and magnetic field. In the region uj > 2m the photon of mode 2 is unstable due to the 
process 72 e^e~ with rate much lager than Compton scattering. The energy dependence of 
Vr^^e±^-y^e± ^iid TV^^e±^72e± is depicted in Figll] On can see the fast increasing of absorption 
coefficients at low energies and rather slow dependence at w > 2m. 

The previous investigation of radiation transfer problem in strongly magnetized plasma 
have shown that along with Compton scattering process the photon splitting 7 ^ 77 could 
play a significant role as mechanism of photon production [6]. To compare these processes 
we depict the probabilities of the photon splitting channels on the same plots (see dotted and 
chain lines in FigEl and FigEJ . On can see that at temperature T ~ m and in kinematical 
region uj < 2m the main photon splitting process is 72 — > 7171 forbidden in pure magnetic 
field [24]. It is seen also that the rate of the process is much less than Compton scattering 
ones. Nevertheless, it could be an effective photon production mechanism at temperatures 
under consideration. The probabilities of the channels 71 7172 and 71 — > 7272 increase 
with temperature falling and become comparable and even larger than Compton scattering 
rates W^je±^7ie± and VF^^e±^72e±- As shown in Fig. |3]the process of photon splitting strongly 
dominates over Compton scattering at T = bOkeV . It was claimed previously that the effect 
of the cold strongly magnetized plasma on photon splitting is not pronounced and the vacuum 
approximation can be used in the most calculations [15,26]. We can see now that in the 
presence of hot plasma the process of photon splitting could not be only intensive source of 
photon production but also an effective absorption mechanism. 

Let us illustrate this fact in the framework of the magnetar model of SCR burst. It is known 
that the radiation transfer in the magnetically trapped plasma may be described as s diffusion 
of the 1-mode photons whereas 2-mode photons are locked [6, 25] . The last circumstance is 
connected especially with weak dependence of the 2-mode absorption coefficient on photon 
energy (see Fig. In the assumption that the properties of the radiation field do not change 
much over absorption length the radiation transfer may be conveniently described in terms 
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Figure 5: The ratio of the Rosseland mean free paths without and with taking into account of 
photon sphtting process as a function of the inverse temperature at -B = 200i?e 



of the Rosseland mean free path of 1-mode photons [6, 25] 

_ /^-iu;^exp(u;/r)[exp(a;/r) - l]-^dw 
^ /w4exp(cj/T)[exp(cj/T) - l]-2dc^ ' ^ ' 

where W is the total absorption coefficient. Then the temperature distribution in the magnet- 
ically trapped plasma region could be defined from the diffusion equation: 



F{z) 



(22) 



3 ' dz' 

where a is the Stefan-Boltzmann constant, F[z) is the radiation flux. If only Compton scattering 
process is considered then 



W = W^ 



71^7272 



(23) 
to 



7ie^— ^716=^ I "716^^726^' 

To take into account the effect of photon splitting one should add term W^j^-y^^j 
the equation p3j) . In the figure El the ratio of the Rosseland mean free path for only Compton 
scattering to Rosseland mean free path with photon splitting is depicted. One can see that at 
low temperatures the additional absorption process of photon splitting leads to the significant 
decreasing of the Rosseland mean free path. The solution of the diffusion equation (|22() is 
out of the scope of this article. However, we would like to note that the more detail analysis 
of the radiation transfer needs the consistent solution of Boltzmann equation for the photon 
occupation number and radiative transfer equation in the wide range of temperatures {IQkeV < 
T<lMeV). 

In conclusion, we have investigated the influence of the strongly magnetized hot plasma 
on the Compton scattering process with taking into account of photon dispersion and large 
radiative corrections. It was found that absorption rate of the dominant scattering channel 
of the 2-mode photon weakly depends on energy in wide temperature range whereas the 1- 
mode absorption coefficient is fast increasing function of photon energy. The comparison of the 
photon splitting effect and Compton scattering shows that the influences of these reaction on 
the 1-mode radiation transfer are competitive in rarefied plasma (T <C m). 
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